In the present work, a green emitting composite with attractive photoluminescent properties was obtained through the embedding of the Tb 3+ complex with N-hydroxyphthalimide in a poly-(N-vinyl-pyrrolidone) matrix, which was further processed in thin or thick films. First, several complexes of Gd 3+ , Tb 3+ , and Y 3+ with N-hydroxyphthalimide with the general formula [M(NHF) 3 (DMF) 2 ] were prepared at a 1:3 metal/ligand ratio. The Tb 3+ complex presents specific emission peaks, with the most intense peak located at 543 nm, thus being selected for incorporation in the poly(N-vinyl-pyrrolidone) matrix. The prepared complexes and composites were investigated through elemental analysis, thermal analysis, FT-IR, P-XRD, and SEM. The photoluminescent properties were studied in detail. Remarkably, through the embedding in the poly(vinyl-pyrrolidone) matrix, the photoluminescent properties of the Tb 3+ complex are notably enhanced compared to the free complex.
Introduction
During the last decades, growing research interest was noted for developing of new photoluminescent compounds and materials for optoelectronic devices, special purpose inks or coatings, bioimaging assays, etc.
1,2 Many of their applications focused on optoelectronics devices ranging from LEDs and OLEDs 3,4 to solar cells or fiber optics communications. 5, 6 The majority of lanthanide luminescent species are complexes with phenanthroline, pyridine, triazoles, hydroxyphthalimide, hydroxy isophthalaldehyde, and 1,3-diketones. 7−10 Well known for their applications in medical imaging, gadolinium and terbium complexes have several advantages such as high contrasting efficiency and relatively low toxicity. 11−15 In a different approach, nanoparticles assembled from terbium and gadolinium 1,3-diketones with applications in biolabeling are obtained through a simple path allowing the preparation of core-shell colloids with impressive magnetofluorescent properties. 16 Materials based on yttrium complexes are attractive due to their potential applications in lasers, optics, displays, sensors, or catalysts and experimental studies led to several materials being deemed useful for applications in electroluminescent devices. 17, 18 Regarding polymer composites, polystyrene (PS), polycarbonate (PC), poly-(N-vinyl-pyrrolidone) (PVP), poly-(vinyl alcohol) (PVA), and poly-(methyl methacrylate) (PMMA) were successfully used as matrices for the preparation of photoluminescent composites. 
Results and discussion

Chemical analysis
Data provided by elemental analysis in the case of the free ligand and prepared complexes are presented in Table 1 . The experimental results are in very good agreement with the theoretical values, supporting the 1:3 metal to ligand ratio, and also with the results obtained from thermal analysis. The experimental data are in accordance with the proposed chemical formula for each prepared complex. Figure 1a presents the recorded FT-IR spectra for the free ligand, prepared complexes, and polymer composite. Significant modifications could be noted in the case of the prepared complexes as follows: stretching of the carbonyl groups with the displacement of their characteristic wavenumber to the lower regions of the spectra, the initial peak splitting into two distinct peaks as a result of the coordinative bond established by one of the two carbonyl groups present in the ligand molecule; the appearance of an absorption peak located in the 430-410 cm −1 range, which is specific to the covalent bonding established between the lanthanide cation and the oxygen atom from the -OH group. Based on these results, the bidentate character of the ligand (NHF) is highlighted (covalent bonding M-O-N< and coordinative bonding M-O=C<) . . Due to the ratio between the PVP matrix and the embedded complex, the recorded spectrum is dominated by the characteristic absorption peaks of the polymer matrix, but certain specific peaks of the embedded complexes can be clearly noticed. In addition, the IR spectra sustain interactions between PVP and the metal cation, highlighted by the C=O peak shifting to lower wavenumbers along with a slight asymmetry in the shape of this peak. Several significant peaks recorded for each of the investigated compounds and their assignment are presented in Table 2 . 
FT-IR analysis
Thermal analysis
Based on the recorded derivatograms, the thermal behaviors of the free ligand and prepared complexes were evaluated ( Figure 2 ). Table 3 presents the kinetic parameters calculated with the Freeman-Carroll method. The first stage corresponds to the release of one DMF molecule, which is justified by a value of no more than n ≥ 1 (dependence on chemical reaction diffusion) for all complexes. In the second stage, release of DMF molecules continues and decomposition of the complexes starts by release of CO molecules. The weight losses occurring in stages one and two are caused by the removal of two molecules of DMF and six molecules of CO. The third stage corresponds to the release of NO molecule. The upper stages (4 and 5) correspond to the benzene ring oxidation. Taking into account that the solid residue corresponds to the metal oxide, the following mechanism of decomposition is proposed: 
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It was also observed that the activation energy is the highest when decomposing the [Y(NHF) 3 (DMF) 2 ] complex, which can be justified by the smallest ionic radius of the Y 3+ ion compared with the other two cations. Figure 3 presents the recorded diffractograms of the prepared complexes while in Table 4 Figure 4 presents the micrographs recorded for a selected complex (Figure 4a ) and for the polymer composite (Figure 4b ). In the first case, the image highlights the crystalline structure of the complex being in accordance with the data recorded in the XRD investigation. The average size of the crystallites is in the range of 25-45 µ m while an elongated shape is clearly visible. In the case of the prepared composite, the image reveals a relatively uniform presence of the embedded complex within the polymer matrix, with average diameters of the crystallites in the range of 1-5 µ m. Figure 5a presents the excitation/emission spectrums recorded for the [Gd(NHF) 3 (DMF) 2 ] complex. The broadband emission spectrum is centered on a peak located at 500 nm, most probably due to radiative transitions occurring through the influence of the central cation over the excited states of the surrounding ligands. 27 The excitation spectrum revealed also a broader band peak located in the UV-A region at 380 nm. Figure 5b presents the excitation/emission spectra of the yttrium complex. As could be observed, the emission spectrum has a broadband configuration with the peak located at 515 nm. The excitation spectrum has a maximum centered at 437 nm. In the case of the [Y(NHF) 3 (DMF) 2 ] complex, the wide band emission is governed by the same mechanism involved in the influence of the heavy atom vicinity over the excited states of the ligands. In the case of the [Tb(NHF) 3 (DMF) 2 ] complex (Figure 5c ), the radiative processes rely on the sensitization of the central Tb 3+ cation through the "antenna effect" 28 induced by the surrounding ligands, which triggers the characteristic narrow emission bands arising from inner transitions within 4f orbitals. The recorded excitation peak is also located in the UV-A region at 377 nm. For comparison, in Figure 5c the excitation and emission spectra of the ligand are also presented. As could be noted, the free ligand presents negligible emission, having two broad emission peaks located at 429 and 463 nm. For the polymer composite PVP-[Tb(NHF) 3 (DMF) 2 ], the photoluminescence properties were investigated in similar conditions, revealing that the embedded [Tb(NHF) 3 (DMF) 2 ] complex retains the photoluminescence properties with certain small differences as a result of the reconfigurations induced by the presence of the surrounding polymer matrix. In Figure 5d the excitation/emission spectra recorded for the PVP-[Tb(NHF) 3 (DMF) 2 ] composite are presented.
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Fluorescence analysis
No significant differences were noted except for the slight configuration change of the excitation spectrum where distinct peaks located at 351, 358, 368, and 376 nm were recorded. As previously mentioned, by embedding the Tb 3+ complex in the PVP matrix, the PL emission intensity is markedly enhanced. The higher emission intensity is noticeable in terms of visual perception and also is clearly sustained by the absolute PL quantum yield (PLQY) investigation, which revealed markedly improved recorded values in the case of the prepared PVP-[Tb(NHF) 3 (DMF) 2 ] composite. The enhancement of the PLQY values through embedding of a photoluminescent complex in polymer matrices was also reported in other studies, 29, 30 being most probably a result of the more favorable conditions in terms of excitation energy transfer to the emissive Tb 3+ centers achieved in the new environment and by the interactions that occurred between the carbonyl groups in the PVP matrix and the central cation, as highlighted by the FT-IR investigation.
Conclusions
Three new complexes of Gd 3+ , Tb 3+ , and Y 3+ with N-hydroxyphthalimide were prepared and investigated.
This paper also reports a green emitting composite with remarkable photoluminescent properties obtained through embedding of the Tb 3+ complex with N-hydroxyphthalimide in a poly-(vinyl-pyrrolidone) matrix.
Remarkably, through the embedding in the poly-(vinyl-pyrrolidone), the photoluminescent properties are considerably enhanced compared to those of the free complex. The prepared composite was investigated through FT-IR, SEM, and fluorescence spectroscopy. The remarkable photoluminescence of the prepared polymer composite is interesting for potential applications in optoelectronics.
Experimental
Materials
N-Hydroxyphthalimide (97%), poly-(vinyl-pyrrolidone) (molecular weight = 50,000) and N,N-dimethylformamide (99.8%) were purchased from Sigma-Aldrich. 
Preparation of N-hydroxyphthalimide complexes
All the investigated complexes were prepared at a 1:3 molar ratio (central atom to ligand), the complexation reaction being presented in Figure 6a . First, solutions of gadolinium chloride, terbium chloride, yttrium chloride, and N-hydroxyphthalimide were prepared with concentrations corresponding to 1/3 metal/ligand by dissolving 1 mmol of each of GdCl 3 , TbCl 3 , and YCl 3 in 3 mL of N,N-dimethylformamide, while three identical ligand solutions were prepared by dissolving 3 mmol N-hydroxyphthalimide (NHF) in 2 mL of the same solvent. The complexation reactions occurred under moderate stirring at 50-55
• C for about 160 min, the resulting complexes having the molecular formula [M(NHF) 3 (DMF) 2 ]. After the evaporation in ambient conditions of the excess solvent, the complexes were obtained in a yellow solid crystallized form. They were then further dried in an oven at 60
• C under vacuum to constant weight. In the second step, the PVP polymer (molecular weight: investigated complexes were further refined with the help of PANalytical X'Pert High Score Plus software. SEM micrographs were obtained by means of Hitachi SU-1510 equipment operated at 10-30 kV accelerating voltage. The steady-state fluorescence and absolute quantum yields (PLQY) were recorded on a Horiba Fluoromax 4P provided with the Quanta-Φ integration sphere. Visual testing of photoluminescent properties was performed using a Philips UVA TL4WBLB lamp with the emission maximum located in the 370-390 nm range.
